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Known Residual Stress
Specimens Using Opposed
Indentation
In order to test new theories for residual stress measurement or to test the effects of
residual stress on fatigue, fracture, and stress corrosion cracking, a known stress test
specimen was designed and then fabricated, modeled, and experimentally validated. To
provide a unique biaxial stress state, a 60 mm diameter 10 mm thick disk of 316L
stainless steel was plastically compressed through the thickness with an opposing 15 mm
diameter hard steel indenters in the center of the disk. For validation, the stresses in the
specimen were first mapped using time-of-flight neutron diffraction and Rietveld full
pattern analysis. Next, the hoop stresses were mapped on a cross section of two disks
using the contour method. The contour results were very repeatable and agreed well with
the neutron results. The indentation process was modeled using the finite element method.
Because of a significant Bauschinger effect, accurate modeling required testing the cyclic
behavior of the steel and then modeling it using a Chaboche-type combined hardening
law. The model results agreed very well with the measurements. The duplicate contour
measurements demonstrated stress repeatability better than 0.01% of the elastic modulus
and allowed discussion of implications of measurements of parts with complicated
geometries. �DOI: 10.1115/1.3120386�

Keywords: residual stress, contour method, neutron diffraction
Introduction
Residual stresses play a significant role in many material failure

rocesses such as fatigue, fracture, stress corrosion cracking,
uckling, and distortion �1�. Residual stresses are the stresses
resent in a part free from any external load, and they are gener-
ted by virtually any manufacturing process. Because of their im-
ortant contribution to failure and their almost universal presence,
he knowledge of residual stress is crucial for prediction of the
trength of any engineering structure. However, the prediction of
esidual stresses is a very complex problem. In fact, the develop-
ent of residual stress generally involves nonlinear material be-

avior, phase transformation, coupled mechanical and thermal
roblems, and/or varying mechanical properties throughout the
aterial. Hence, the ability to accurately quantify residual stresses

hrough measurement is an important engineering tool.
A hypothesized improvement to the contour method that needs

xperimental validation motivated this study to produce a novel
est specimen. In the literature there are many residual stress mea-
urement techniques. Each of them has its advantages and disad-
antages, and its own accuracy. The recently developed contour
ethod is one of the few methods that can measure a 2D map of

nternal stresses, and it can be applied to many parts that are
ifficult for other methods �2–8�. As originally presented, the con-
our method only measured the stress component normal to the
ross section of measurement. More recent extensions to the con-
our method �9,10� determine multiple components using multiple
uts. However, in theory one should be able to measure multiple
omponents with a single cut if subsequent measurements are
aken on the cut surface with other techniques. A test specimen
ith significant stresses in two directions that were also signifi-

antly different from each other would provide the most convinc-
ng validation of the new theory. Since both the new theory and
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the independent validation would require other measurement
methods, the specimen would have to be possible to measure with
multiple techniques.

Another important use for known stress specimens is to experi-
mentally test the effects of residual stress on fatigue, fracture,
creep, stress corrosion cracking, or other material behavior �11�.

Most common residual stress test specimens are not ideal for
the required validation purposes. Various procedures for introduc-
ing residual stresses into a test specimen have been used. The
most common is a plastically bent beam producing a typical zig-
zag residual stress distribution through the thickness �12,13�.
However, a bent beam produces only uniaxial stresses, which are
not satisfactory for this validation. Other common validation
specimens are based on producing multiple specimens identically
with a stress inducing process such as peening and then measuring
the stresses with some other technique. A specimen with stresses
that could be easily predicted or modeled would provide the ad-
ditional benefit of not requiring extensive independent measure-
ments.

This paper presents the design, the fabrication, the material
characterization, and the finite element �FE� prediction of the re-
sidual stresses of the specimen described in the earlier paragraph.
Furthermore, in order to measure the residual stress field produced
with this technique, a neutron diffraction experiment was executed
on this specimen. Then the contour method was applied to two
different test specimens—the specimen and a virtually identical
second specimen—and it was possible to verify its good repeat-
ability.

2 Specimen Design
A test specimen was designed to provide a residual stress dis-

tribution particularly well suited for a specific experimental vali-
dation. It was desired to validate the multiple-component contour
method on different stress states where the two significant normal
stress components were approximately equal �i.e., equibiaxial�
and, conversely, of opposite sign. Such stress states can be pro-
duced in a single shrink-fit ring and plug, in which the expansion

of a cooled oversized plug is constrained by a surrounding ring
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esulting in biaxial compressive residual stresses in the plug. The
ing experiences compressive radial stresses under the forces from
he plug, but the hoop stresses are tensile.

Since a real ring and plug would fall apart during contour
ethod cutting, an alternative configuration to produce a similar

esidual stress distribution was used. A circular disk was plasti-
ally compressed through the thickness by two cylindrical indent-
rs of smaller diameter �see Fig. 1�a��. A similar specimen was
ecently used to study fatigue and fracture behavior �11�. The
ompressed region between the two indenters yields and wants to
xpand in the radial direction due to the Poisson effect. Under the
onstraint of the surrounding material, analogous to the ring in the
xample of a shrink-fit ring and plug, a biaxial �hoop and radial�
ompressive residual stress state is produced in the central region,
hile in the outer region there will be tensile and compressive

esidual stresses for hoop and radial stresses, respectively �see
ig. 1�b��. Obviously, the real residual stress field will be continu-
us and not discontinuous like in the shrink-fit ring and plug,
ecause in this case we have only one part.

The geometry of the specimen was then designed considering
he material behavior and experimental limitations. A 60 mm di-
meter 10 mm thick disk was chosen with the indenters 15 mm in
iameter �see Fig. 2�. The thickness was chosen based on the
imited penetration of neutrons through steel. The diameters of the
isk and the indenters were chosen to obtain stress gradients that
ould be resolved using reasonable neutron sampling volumes and
o obtain a relaxed contour of at least 20 �m �peak-to-valley� for

Loading direction

Loading direction

Disk (316L SS)

Indenters (A2 steel)

r

z

(a)

Fig. 1 Schematic illustrating „a… the in
residual stress distribution obtained

Indenter (A2 steel)25.4

70

60
15

5

5
30

Disk (316L SS)
Centering ring (PMMA)

R1

R2

ig. 2 Quarter-symmetry drawing of the indentation fixture, di-

ensions in mm: R1=1 mm and R2=3 mm
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the contour method measurement, considering the maximum load
of the test machine �100 kN�. Furthermore, the shape of the in-
denters was designed to reduce the stress concentration due to
sharp corners. To optimize the design for these considerations,
several preliminary finite element simulations of the indentation
process were carried out. The indenter material used was an A2
tool steel, characterized by a high hardness �58 HRC� and a high
yield stress �about 1300 MPa�. The Young modulus of the A2 tool
is 204 GPa and Poisson’s ratio is 0.3. In order to center the two
indenters with respect to the disk, two polymethyl methacrylate
�PMMA� rings were designed �see Fig. 2�, which are moved out
of the way prior to indentation.

3 Materials
316L stainless steel was chosen for the material as the best

compromise among the ideal materials for the different measure-
ment methods that will be required to validate the multiple stress
component theories. For the contour method, hole drilling, and
other relaxation methods, it is generally better to have a material
with high Sy /E in order to obtain more relaxation. In general, the
material yield strength Sy limits the residual stress magnitudes. An
aluminum alloy would be a good choice �Sy /E can easily exceed
4000 ���, but, unfortunately, it is usually not as good for X-ray
diffraction measurements. Austenitic steel has a lower Sy /E �
�950 ���, which means lower relaxed strains, but it is very good
for neutron diffraction and X-ray diffraction. 316L stainless steel
was chosen based on previous successful diffraction measure-
ments and industrial importance. The disk was machined from a
hot cross-rolled plate �457 mm � 457 mm and 12.7 mm thick-
ness� of 316L stainless steel. The chemical composition of the
316L stainless steel is in weight percent: C=0.018, Mn=1.59, P
=0.031, S=0.005, Si=0.23, Ni=10.64, Cr=16.65, Mo=2.16, N
=0.05 and Fe=balance �in accord with the ASTM A240 and
ASME SA-240�.

To have the residual stress produced only by indentation, the
material must be initially stress-free. For this reason, the plate was
annealed at 1050°C for 30 min in vacuum and then slow cooled
to room temperature in argon in order to remove any pre-existing
residual stresses. Then, to verify the absence of any pre-existing
residual stresses, a slitting method test �14� was executed. A
square specimen �60�60�12.7 mm3� was extracted from the
annealed plate and was instrumented with two strain gages type

F

σr= θσ
rσ
θσ

b)

tation process and „b… the conceptual
(

den
CEA-09-032UW-120, aligned along the rolling x-direction on the
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ottom surface. The cut was executed starting from the opposite
urface �top� in 0.38 mm increments to a depth of 12.57 mm,
sing a wire electric discharge machine �EDM� with a 250 �m
rass wire. The original residual stress was determined from the
easured strains using the regularized pulse method �15�. The

esulting stress magnitudes were lower than 10 MPa, confirming
he effectiveness of the annealing process.

After annealing, a metallographic analysis was made on the
late to check the grain-size �see Fig. 3�, whose average is about
0–100 �m, with some smaller grains. The metallography also
evealed the presence of about 0.5% of ferrite, seen as dark string-
rs, which is not enough to cause any multiphase problems with
he neutron diffraction measurements of residual strains. A small
mount of ferrite is typical in 316L stainless.

Constitutive data were required in order to model the material
esponse during the indentation process. For this reason several
ompression tests, in accord with ASTM standard, were carried
ut in order to test the mechanical behavior of the material in the
hrough-thickness direction and in the two in-plane directions. Cy-
indrical specimens, 9.5 mm in diameter and 12.7 mm height,
ere extracted from the plate. Displacement-control compression

ests with a crosshead speed of 0.046 mm/min were executed until
20% of engineering strain and were then unloaded. The dis-

lacement was measured using a compression extensometer with
ts arms mounted between the platens. The rate was chosen to give
pproximately the same strain rate as the one expected during the
pecimen indentation ��̇=5�10−5 s−1 after correcting for ma-
hine compliance�. Figure 4 shows the true stress-true strain
urves for the three tested material directions. The three curves are
ery close until the strain exceeds 5%. Considering that except for
ery localized regions at the indenter edge, the plastic strains from
ndentation are less than 2%; the material is taken as behaving
sotropically. From the slope of the linear part �unloading� of these
urves, Young’s modulus E was found to be 193 GPa while the
ield stress Sy is 208 MPa �0.2% offset yield strength�. The linear
art of the curve during loading gave Young’s modulus lower than
he expected value for this steel. However, after few consecutive
oad-unload cycles in the elastic range, the linear loading curve
ose to the expected value. Probably, the annealing process re-

ig. 3 Metallography of the 316L plate after annealing, taken
ormal to one of the rolling directions; the scale bar is 100 �m

ong
ulted in some plasticity at very low loads.
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Although not originally planned, cyclic stress-strain curves
were also measured in order to accurately model the specimens.
Preliminary FE simulation of the indentation process showed that
the predicted residual stress field is affected, besides, by the plas-
tic behavior during loading and also by the hardening model for
unloading. In fact, the 316L stainless steel exhibits a strong
Bauschinger effect �16,17�, and, furthermore, the indentation pro-
cess produces some reverse loading in the central region. Hence,
in order to calibrate a hardening model for the FE simulation,
cyclic compression and tension tests were performed. Two speci-
mens were extracted from each in-plane material direction of the
316L stainless steel plate. The specimens were 69.85 mm long
with a diameter of 5.08 mm and a gauge length of 15.24 mm with
threaded ends. Because of the small plate thickness, no cyclic
specimens were made in the through-thickness direction. Since
the preliminary FE simulations showed that the maximum equiva-
lent plastic strain in the central region of the disk under the in-
denters was approximately 2%, symmetric controlled strain cyclic
tests were executed with a strain range �� of 4% �i.e., maximum
strain of 2%�. A strain rate of 4.5�10−5 s−1 was used, which is
the same as that which occurs in the majority of the disks during
the indentation. The true stress-true strain curve of one cyclic test
is shown in Fig. 5 together with the FE isotropic, kinematic, and
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Fig. 4 True stress-true strain curves of uniaxial compression
tests for the 316L stainless steel along the three material
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Fig. 5 Hardening behavior of the 316L in a uniaxial compres-
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ombined hardening models that were calibrated on this test and
re described in Sec. 5. There was no significant difference in the
yclic test in the other in-plane direction.

Indentation Tests
Several disks of 316L stainless steel were indented in the same

xperimental conditions in order to get virtually the same residual
tress field. An Instron 1125 testing machine was used, and the
isplacement of the punch of the machine were measured with a
eyence magnetic sensor. The specimens were indented to a peak

oad of 90 kN under displacement control using a crosshead speed
f 0.15 mm/min. A MOLYCOTE® antifriction coating was ap-
lied on the contact surfaces of the two indenters. The relative
lignment of the indenters with respect to the rolling directions of
he 316L was kept the same for the indentations of all the speci-

ens. After the test, a footprint in both sides of the disk was
roduced with a thickness reduction of �0.85%.

Since the displacement measurement �circle-line in Fig. 6� is
ffected by the compliance of the specimen, the indenters, the
ubricant, and part of the test machine, due to the position of the
isplacement sensor, a preliminary test without any specimen �in-
enter versus indenter� was executed at the same maximum load
o measure the in series compliance of the indenters-lubricant-test

achine system �x-line in Fig. 6�. By subtracting the measured
isplacements of the two tests, the displacements at the indenter-
pecimen interface were obtained �triangle-line in Fig. 6�. The
urves for the various indentations of different disks in the same
xperimental conditions varied by �0.005 mm. Figure 6 also
hows the prediction of the load-displacement curve obtained with

FE simulation of the indentation process, which will be de-
cribed in Sec. 5.

Modeling
The residual stress field produced by the indentation was simu-

ated using the ABAQUS® finite element code �18�. A half-
ymmetry axisymmetric model of the specimen was built using
5,000 four-node quadrilateral elements �CAX4R� with reduced
ntegration. Square elements 0.1 mm on a side gave a 50

300 mesh in the disk. The indenter was modeled using the
ame element type but with a coarser mesh of 8725 elements of
pproximately 0.2 mm on a side. Figure 7 shows the FE model.
he contact behavior between the indenter �master surface� and

he disk �slave surface� was assumed frictionless because lubricant
as used during the experimental test and a surface-to-surface

ontact algorithm was used. Axisymmetric boundary conditions
ere imposed along the axis of the indenter and the specimen,

0 0.1 0.2 0.3 0.4

0

20

40

60

80

100

Displacement, (mm)

L
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indenter−disk

indenter−indenter
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FE prediction

ig. 6 Load-displacement curves of the indentation process
f the 316L SS disk and its FE prediction
hile symmetric boundary conditions were imposed on the
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middle plane of the specimen. A displacement of �0.09 mm in the
z-direction was applied at the upper face of the indenter �the ac-
tual cross-head displacement is the double due to the symmetry�
in order to achieve the experimentally applied load of �90 kN.

Initial model comparisons with measured residual stresses re-
vealed that a more accurate material hardening model was needed
in order to obtain satisfactory agreement. The behavior of 316L
stainless steel was initially modeled using an isotropic and a ki-
nematic hardening model, both calibrated on the compression-
only experimental data. The indentation load-displacement curves,
like in Fig. 6, obtained from the FE analysis for both isotropic and
kinematic hardenings do not exhibit any noticeable difference,
except a little difference during the unload for less than 10 kN.
However, both models gave a poor prediction of the stresses in the
indented disk when compared with experiments. These models
were then calibrated on the cyclic data by running FE analysis on
a simple one element model, subjected to a uniaxial compression
of �2% of true strain in the first step, followed by a tensile strain
of 2% in the second step. As response, the isotropic hardening
predicted higher tensile stress than the experimental data after
reverse loading �see Fig. 5�, while the kinematic model gave a
lower stress. The predicted residual stress obtained using these
two hardening models are shown in Fig. 8. It is evident that the
different hardening models affect the residual stress because of
reverse loading.

Since the experimental data from the cyclic test are in between
the isotropic and kinematic hardening models �see Fig. 5�, a com-
bined hardening model that involves a kinematic term and an
isotropic one in its formulation was used. In detail, the combined
hardening model provided by ABAQUS® �19� was used. This hard-
ening model is based on the work of Lemaitre and Chaboche �16�.
The pressure independent yield surface is defined by

F = f�� − �� − �0 = 0 �1�

where �0 is the size of yield surface and f��−�� is the equivalent
von Mises stress with respect to the back-stress tensor �, which is
defined by

f�� − �� =�3

2
�S − �dev�:�S − �dev� �2�

where S is the deviatoric stress tensor, �dev is the deviatoric part
of the back-stress tensor, and the symbol �:� is the double con-
tracted product.

The isotropic hardening behavior of the model defines the evo-
lution of the yield surface size �0 as a function of the equivalent

¯pl

Axisymmetry

Symmetry

Disk

Indenter

Displacement

30 mm

5 mm
r

z

Contact surfaces

axis

plane

7.5 mm

12.7 mm

Fig. 7 Details of the axial-symmetric finite element model
used showing the planes of symmetry
plastic strain � .
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�0 = �0 + Q�1 − e−b�̄pl
� �3�

here �0 is the yield stress at zero plastic strain, and Q and b are
aterial parameters. The nonlinear kinematic hardening compo-

ent is defined by an additive combination of a linear term and a
elaxation term, which introduces the following nonlinearity:

�̇ =
C

�0 �� − ���̇̄pl − ���̇̄pl �4�

The parameters for this combined hardening model were cali-
rated from the cyclic test described before using the procedure
escribed in �18� and their values are: �0=185 MPa, C
28722 MPa, �=230.7, Q=100 MPa, and b=12.
The indenter material �A2 tool steel� was modeled by assuming

inear elastic behavior, since the stresses do not approach yield,
hich is more than 1300 MPa, during indentation.
The load-displacement curve obtained from the FE analysis

onsidering the combined hardening model is shown in Fig. 6.
igure 8 shows the comparison of the FE prediction of the hoop
nd radial stress due to indentation using the isotropic, kinematic,
nd combined hardening model respectively. The stresses under
he indenter are quite sensitive to the hardening model because of
ignificant reverse plasticity.

Figure 9 shows the contour maps of the radial, hoop, and axial
esidual stresses modeled using the combined hardening model
hat better simulates the 316L stainless steel. Figure 9�c� also
hows the region where the reverse plasticity is more than 0.001
0.1%� �cross hatched region�.

Neutron Diffraction Experiment
Stress maps were measured using the SMARTS instrument at

he Los Alamos Neutron Science Center �LANSCE�. LANSCE is
pulsed neutron source where each pulse contains a spectrum of
avelengths and is moderated by passing through a chilled water
oderator at 10°C. The incident flight path on SMARTS is 31 m,
ost of it in a neutron guide. SMARTS has two detector banks at
90 deg to the incident beam with a diffracted flight path length

f about 1.5 m �see Fig. 10�a��. The total flight path, the scattering
eometry, and the 20 Hz repetition rate of the source dictate that
he useable wavelength range on SMARTS is about 0.4–3.8 Å
ith maximum intensity between 0.5 to 1.5Å.
Strains were measured along the three principal directions at

23 gauge volumes, which locations are shown in Fig. 11, spaced
y 1.7 mm from each other in the central part �for −15.3 mm
r	15.3 mm� in order to better follow the high strain gradient

n the central region of the disk and 3.4 mm elsewhere. Because of

−30 −20 −10 0 10 20 30

−300

−250

−200

−150

−100

−50

0

50

100

150
At z=0 mm (midplane)

Position, r (mm)

R
es

id
u

al
st

re
ss

,σ
θ

(M
P

a)

Isotropic hardening

Kinematic hardening

Combined hardening

(a)

Fig. 8 Finite element model prediction of „a… hoop and „b
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imited experimental time, Fig. 11 reflects that the full intended
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grid was not measured in all quadrants of the cross section. The
incident slits were set to 2�2 mm2, and a set of radial collima-
tors limited the gauge volume to 2 mm along the incident beam
path. The disk was positioned so that the scattering vector for the
+90 deg bank Q1 was along the axial �z� direction, and the scat-
tering vector for the �90 deg bank, Q2, was along the radial �r�
direction of the disk. A series of measurements were made on a
cross section through the center. Then the disk was rotated 90 deg
around the axial z direction, and another scan was performed in
the vertical direction �out of the plane of the paper in Fig. 10�a��.
The first and second scans were made in the same physical posi-
tions within the disk, but in the first scan the radial strains �r were
measured in the �90 deg bank, and in the second scan the hoop
strains �
 were measured in the �90 deg detector bank. In both
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Fig. 9 Finite element model prediction of the radial, hoop, and
axial residual stresses along the diameter plane using the
ABAQUS combined hardening model of the 316L stainless steel.
The cross hatched region in „c… is where the reverse plasticity
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cans the axial strains �z were measured in the +90 degrees bank.
urther measurements were also executed on an unindented, an-
ealed disk �disk C�.

A typical diffraction pattern for the 316L stainless steel from
his study is shown in Fig. 10�b�. Many peaks from the austenitic
tainless steel are present enabling Rietveld full pattern analysis
20�. Being able to use multiple peaks in the refinement greatly
mproves the statistics, and using the GSAS software �21� we can
etermine the lattice parameter a of the fcc crystal structure with
relative accuracy of about 50�10−6 or 50 ��, using count

imes on the order of 20 min for the 8 mm3 sampling volumes.
The lattice strains are calculated based on a stress-free refer-

nce measurement. In this case the average stress-free lattice pa-
ameters from a series of measurements on three small cubes �5

5�5 mm3� were determined. Then the residual strains can be
alculated as follows:

�i =
ai

ai
0 − 1 i = r,
,z �5�

here ai and ai
0 are the stresses and unstressed lattice parameters,

espectively, in the test specimen and in the stress-free cubes
long the different directions �r, 
, and z�. Then the residual stress
omponents were evaluated using Hooke’s law as follows:
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Q1Q2

+90 Detector
Bank

-90 Detector
Bank

Specimen

CollimatorCollimator

=z=r

(a) (b)

Fig. 10 Schematic setup of SMARTS for spatially resol
crosses on are the data, the line through the data is the
curve. The tick-marks indicate the positions of the face-c

r

zgauge volumes

ig. 11 Location of gauge volumes „2Ã2Ã2 mm3
… for the

eutron measurements. Some gauge volumes are colored gray

n order to distinguish overlapping volumes.
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�i =
E�1 − ��

�1 + ���1 − 2����i +
�

1 + �
�� j + �k�	 i, j,k = r,
,z �6�

where E is the elastic modulus, and � is Poisson’s ratio.

7 Contour Method
The residual hoop stresses on a diametrical plane of two disks

�disks A and B� indented under the same experimental conditions
were measured with the contour method. Disk A was the same
scanned by neutron diffraction and was cut in half along the
scanned plane using wire EDM and a 50 �m diameter tungsten
wire. Because of errors attributed to the thin wire, disk B was cut
using a 100 �m diameter brass wire. Both disks were submerged
in temperature-controlled de-ionized water throughout the cutting
process. “Skim cut” settings were used. The disks were con-
strained by clamping on both sides of the cut to the work plate of
the EDM machine. To prevent any thermal stresses, the specimens
and the fixture were allowed to come to thermal equilibrium in the
water tank before clamping. The clamping direction was parallel
to the wire axis. As controls, two unindented disks were cut using
the 50 �m and 100 �m diameter wire, respectively.

After cutting, disk A was removed from the clamping fixture.
The contours of both cut surfaces were measured using a Taylor–
Hobson Talyscan 250 laser scanner. A laser triangulation probe of
2 mm range and resolution of 0.1 �m was used. The cut surfaces
were measured on a 0.1 mm spaced grid, giving about 60,000
points on each cut surface. The measured shapes are not plotted
here because of space limitations but are available elsewhere �22�.
The peak-to-valley amplitude of the contour is about 40 �m. The
primary shape of the contour is high in the center of the disk and
lower at the diameter edges. Disk B was measured using the laser
scan machine described before �23�. The surfaces were scanned
using rows separated by 0.1 mm in the axial direction z, with data
points within a row sampled every 0.04 mm, giving about 113,000
points on each cut surface.

The cut surfaces of the two unindented disks were also mea-
sured using the two laser scan machines mentioned above. The
contour of the unindented disk that was cut using the 100 �m
brass wire was flat to within measurement resolution. The contour
of the unindented disk that was cut using the 50 �m tungsten

measurements, and „b… typical diffraction pattern. The
ietveld refinement fit, and below those is the difference
tered cubic peaks.
ved
R

wire was higher by about 6 �m on the top and bottom edges of
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he 10 mm thickness than in the midplane. Recall that slitting test
n the annealed 316L material indicated that the postannealing
tresses were less than 10 MPa. Therefore, this contour is prob-
bly caused by the EDM cutting and not by residual stress since it
ould require stresses over 100 MPa to produce such a contour. In

act, the wire used had half the diameter of the smallest wire
reviously reported for contour measurements. Hence, in order to
orrect this effect the contour on the unindented disk was sub-
racted from the contour of the indented disk A, which was cut
ith the same wire.
The hoop stresses that were originally present on the plane of

he cut of each disk were calculated numerically by elastically
eforming the cut surface into the opposite shape of the contour
hat was measured on the same surface �24�. This was accom-
lished using a 3D elastic FE model. A model was constructed of
ne-half of the disk. The mesh used 51,920 linear hexahedral
ight-node elements with reduced integration �C3D8R�. The ma-
erial behavior was considered elastically isotropic with an elastic
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modulus of 193 GPa and Poisson’s ratio of 0.3. The raw data were
processed into a form suitable to calculate stresses using a proce-
dure described in detail elsewhere �23�. The data from each half
were interpolated onto a common grid and then averaged to re-
move several potential error sources. In order to smooth out noise
in the measured surface data and to enable evaluation at arbitrary
locations, the data were fitted to a bivariate smoothing spline. The
smoothing spline fits were evaluated at a grid corresponding to the
FE nodes, and those values at the nodal locations were then used
as displacement boundary conditions in the direction normal to
the cut surface.

8 Results and Discussion
The stress measurements on the unindented disks of the stress-

relieved 316L steel, which had been independently measured to
have stress magnitudes below 10 MPa, indicate resolution limits
for the measurement methods. In Fig. 12, the contour results from
the test cut with 100 �m diameter wire are plotted at the loca-
tions of the neutron measurements for comparison purposes. The
contour results are generally less than �20 MPa except at isolated
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egions near the edges. The contour results on the disk cut with
he 50 �m diameter wire are not plotted but exceed 100 MPa,
llustrating the importance of testing before using unproven cut-
ing conditions. The neutron results average over 40 MPa in ten-
ion with the unstressed lattice parameters that were determined
arefully from measurements on three small cubes taken from the
tress-relieved plate. Subsequent neutron results were not cor-
ected to choose a more favorable value for unstressed lattice
pacing because that would be an a posteriori adjustment based on
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ssumed knowledge about the results.
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The experimental measurements on the indented disks agree
with each other and the FE model within the experimental reso-
lution limits, indicating the suitability of these validation speci-
mens. Figures 13 and 14 show stress maps measured by neutron
diffraction and the contour method, respectively, for comparison
with the FE-model stress maps of Fig. 9. Figures 15 and 16 show
line plots extracted from the stress maps. The FEM results are
point wise stress values. Based on the stress gradients, the effects
of averaging over the sampling volume are estimated to be less
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than �5 MPa. The overall agreement is quite good. The most
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bvious discrepancies appear in the low magnitude axial stresses
here apparent errors in unstressed lattice spacing shift the entire
rofile.

Root mean square �rms� averages of the differences between
oop stress values from Fig. 15 were calculated and are given in
able 1. To better interpret the results for possible measurement
n other materials, values are also given in microstrain because
train or deformation is a better measure of the sensitivity of the
easurement methods. The best agreement is between the two

ontour measurements at about 20 MPA or 100 ��, which is ex-

−30 −20 −10 0 10 20 30

−200

−150

−100

−50

0

50

100

150
At z=0 mm (midplane)

Position, r (mm)

R
es

id
u

al
st

re
ss

,σ
r

(M
P

a)

FE prediction

Neutron diffraction

−30 −20 −10 0 10 20 30

−200

−150

−100

−50

0

50

100

150
At z=1.65 mm and z=−1.65 mm

Position, r (mm)

R
es

id
u

al
st

re
ss

,σ
r

(M
P

a)

FE prediction

Neutron diffraction z=1.65 mm

Neutron diffraction z=−1.65 mm

−30 −20 −10 0 10 20 30

−200

−150

−100

−50

0

50

100

150
At z=3.3 mm and z=−3.35 mm

Position, r (mm)

R
es

id
u

al
st

re
ss

,σ
r

(M
P

a)

FE prediction

Neutron diffraction z=3.3 mm

Neutron diffraction z=−3.3 mm

(a)

(c)

(e)

Fig. 16 Radial and axial residual stresses measured
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Table 1 Root mean square difference between pairs of hoop
stress measurements or the finite element model, over the neu-
tron diffraction measurement locations „Note that the micros-
train „�ε… equivalent of the values are provided in parenthesis…

Contour 2
�MPa�

Neutron
�MPa�

FE model
�MPa�

Contour 1 �MPa� 20 �104� 27 �140� 32 �166�
Contour 2 �MPa� – 28 �145� 33 �171�
Neutron �MPa� – – 33 �171�
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our measurements to about 28 MPa or 145 ��, which is also in
xcellent agreement especially considering the results in the unin-
ented disks. The finite element model agrees with all three of the
easurements within about 33 MPa or 170 ��, which is still in

ery good agreement when comparing with a model. Neither ex-
erimental method resolves some of the finer feature of the FE
rediction, such as the X-shaped peak compressive stress region
or the hoop stress. Therefore, such detail in the FE model cannot
e considered to be experimentally validated.

Modeling the material hardening under reverse loading condi-
ions appears to be the limiting factor in the fidelity of the FE

odel, and it could be improved. Figure 8 showed the sensitivity
f the modeled residual stresses to the hardening model. The hard-
ning model was calibrated using data only from symmetric
train-controlled cyclic experiments with a strain range �� of 4%
2% of true strain in compression followed by a 2% of true strain
n tension�. More calibration data with different strain amplitudes
ould improve the model since local regions of the disks see up to
% plastic strain and other regions see less than 2%. Other mod-
ling assumptions likely have less effect. Changing the friction
oefficient from 0.0 to 0.2 changed the stresses by less than 25
Pa at the measurement locations plotted in Fig. 15. The maxi-
um heating from plastic work was estimated by a conservative

diabatic FE analysis to be 5 K, which would only be expected to
ower the yield stress by about 0.1% based on the temperature
ependence of the shear modulus �25�.

Some experimental conditions also affected the accuracy of the
redictions. The measurement of the indentation footprint indi-
ated that the thickness reduction may have differed from perfect
xisymmetry by about 4%. The resulting effect on stresses is not
asily estimated. The asymmetry may have occurred because of
mperfect colinearity of the two indenters. A tighter parallel toler-
nce on the indentation surface relative to the opposite surface of
he indenter �the one loaded by the machine� might improve that
olinearity. However, a more error tolerant design, such as a radi-
sed rather than flat indenter surface, would probably be more
roductive.

The type of EDM wire used probably led to the need to correct
he contour of disk A based on the contour of a cut in a stress-free
isk. This demonstrates the importance of always making a con-
rol cut in a stress-free material. The wire used on disk A was, at
0 �m, half the diameter of the one used on disk B and it was
lso tungsten as compared with brass. There is not sufficient in-
ormation to tell which difference caused the cut to be nonflat
ven in a stress-free disk. The only previous time such a correc-
ion was necessary in the authors’ experience was for a 100 �m
rass wire that was unusual in that it was zinc-coated �24�. How-
ver, we note that other unpublished measurements using the
mall tungsten wire have been quite successful. The use of a small
ire can be advantageous because some error sources are reduced
ith a thinner cut.
Comparing the two contour method measurements demon-

trates not only repeatability of the method but also has important
mplications for more complicated parts. The rms difference be-
ween the two contour results of 20 MPa or 0.01% of E would be
uite good and comparable to other methods if the measurements
ad been performed under identical experimental conditions.
ince the cut on disk A used a different EDM wire and required a
orrection of up to 50 MPa based on the cut made on stress-free
isk, the agreement is more impressive. For this specimen, the
orrection could have been avoided by better choice of the cutting
ire based on stress-free testing. However, in parts with a more

omplicated cross section, such errors may be present no matter
he cutting conditions because the width of the EDM cut will
hange slightly as the thickness of the part changes during the cut.
ased on the results of the measurements on the two disks, a
orrection based on a cut in a stress-free part could successfully

orrect for such errors.
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